Rice farming is the major crop production in Asia and is predicted to increase significantly in the near future in order to meet the demands for the increasing human population. Traditional irrigation methods used in rice farming often result in great water loss. New water-saving methods are urgently needed to reduce water consumption. Three field and pot experiments were conducted to evaluate the furrow irrigation (FI) system to improve water use efficiency (WUE) and production of direct sowing rice in southern China. Compared to the conventional irrigation (CI) system (continuous flooding irrigation), for every square hectometer of rice field, the FI system reduced water use by 3130 m 3 , or 48.1%, and increased grain production by 13.9% for an early cultivar. For a late cultivar, the FI system reduced water use by 2655 m 3 , or 40.6%, and an increase of grain production by 12.1%. The improved WUE in the FI system is attributed to (1) a significant reduction of irrigation rate, seepage, evaporation, and evapotranspiration; (2) a significant reduction in the reduced materials, such as ferrous ion (Fe 2+ ), and therefore an increase in the vitality of the root system, evident by the increases in the number of white roots by 32.62%, and decreases in the number of black roots by 20.04% and yellow roots by 12.58%; the use of the FI system may also reduce humidity of the rice field and enhance gas transport in the soil and light penetration, which led to reduced rice diseases and increased leaf vitality; and (3) increases in tiller and effective spikes by 11.53% and the weight per thousand grains by 1.0 g. These findings suggest that the shallow FI system is a promising means for rice farming in areas with increasing water shortages.
INTRODUCTION
Rice is the major human food in Asia, where about 92% of the world's rice is produced and consumed [1] . It is predicted that rice production has to be increased by 70% of the present amount by the year 2025 in order to meet the increasing demand [2] . More than 75% of the world's rice supply is produced in Asia using irrigated land that accounts for 50% of total freshwater use [3] . China is the most populated country and the
MATERIALS AND METHODS

Study Sites and Experiment Designs
Three experiments were conducted at the Guangdong Ocean University Experimental Farm and Dongyang Research and Demonstration Station, both of which are located in the Leizhou Peninsula, a subtropical region in southwestern China, between 2002 and 2003. Experiments included field and pot simulation trials. The purpose of the field experiments was to measure WUE, rice growth parameters, and production with the FI and CI systems. The purpose of the pot experiment was to evaluate WUE under more controllable conditions.
The first field experiment was conducted at the Guangdong Ocean University Experimental Farm in 2002. The soil used in the trial was clay paddy soil from the top 0-20 cm with organic matter content of 16.8 g kg -1 , nitrogen content of 61.8 mg kg -1 , available phosphorus and potassium content of 2.9 mg kg -1 and 30.6 mg kg -1 , respectively. Two infiltration irrigation rates with shallow furrow (FI-1 and FI-2) were used with the conventional irrigation (CI, i.e., continuous flooding) as control. The width of the rice bed was 200 cm, and the width and depth of the furrows were 20 cm and 15-18 cm, respectively. The total area of each plot was 166.68 m 2 . Each experiment was run using the randomized complete block design with triplicate plots. Fertilization and field management were similar to those of the conventional rice farming in this region. Paddy field levees were covered with plastic film to prevent infiltration and leakage. The rice variety used in this experiment was a hybrid "Liang You Pei Jiu 65002". Direct sowing was initiated on July 26, 2002 after soaking germination and harvesting took place on November 20, 2002 .
A simulation pot trial was conducted simultaneously along with the field experiment at the Guangdong Ocean University Experimental Farm in 2002. Each polyethylene pot (diameter = 34 cm and height = 40 cm) was filled with 10 kg topsoil collected from the rice field. The trial contained six treatments, including leakage with water layer, leakage without water layer, evaporation with water layer, evaporation without water layer, evapotranspiration with water layer, and evapotranspiration without water layer. Each treatment had three replicates. Pot leakage for the treatments of leakage with and without water layer was estimated by collecting the seepage water from the bottom of each pot. Water consumption was measured during the trial. For the trial involved with evapotranspiration with and without water layer, evapotranspiration was estimated by the difference between total irrigation and evaporation. The trial was conducted under a shelter covered by a plastic film to prevent direct wet precipitation.
A 
Measurements of Infiltration Rate and Water Budget
To determine soil water infiltration rate, a rectangular frame (length = 150 cm, width = 20 cm, and depth = 20 cm) imbedded with a glass sheet was placed in the field. The soil within the frame was evacuated. When the water content of the soil dropped to 75% of field capacity, water was allowed to flow into the irrigation furrow. Infiltration in the soil was directly observed and measured through the glass surface.
For all treatments using the FI technique at the field scale, a shallow water layer was maintained for 3-5 days during the time the dead seedlings were replaced. A brief period of rapid flow was initiated before fertilization. For the majority of the experimental period, irrigation was supplied via the irrigation furrow and there was no water layer in the experiment rice bed. In contrast, a shallow water depth was typically maintained for the control (CI).
Irrigation and discharge rates were measured with a flow meter and rainfall was measured with a rain gauge. Water use was estimated as the difference between total water input (irrigation + rainfall) and discharge [22] . Crop WUE, or yield per unit of water used, was calculated by dividing rice yield (kg hm -2 ) by water use (m 3 hm -2 ).
Measurements of Biological Parameters
For the 2002 late rice experiment, when the rice seedlings reached the four-leave stage, each plot (50  50 cm) was planted with 28 seedlings. Seedling height and the number of tiller and green leaves in the main stem were recorded. At each of the growth stages, five rice plants from each plot were sampled and measured for length, number and diameter of roots, and the number of white, yellow, and black roots in the laboratory. Also at the maturity stage, a soil core (12 cm in diameter and 40 cm in depth), which included a rice plant above the soil surface and the underlying soil, was retrieved and sectioned at 10-cm intervals. Roots at each interval were isolated from the associated soil, washed-cleaned, and then measured for the weight and volume of roots. Leaf area index (LAI) was calculated as 0.7575ΣLiWi [23] where Li and Wi are the length and width (mm) of the leaves, respectively. Canopy chlorophyll content was measured using a POC-1 chlorophyll meter. For the determination of dry weight, plant leaves, stems, and roots from randomly selected rice individuals were taken and measured for fresh weight, then dried at 105°C for 30 min and at 80°C for 24 h to attain constant weight. Content of ferrous iron (Fe 2+ ) in the soil was determined following standard method from the rice field on the 70th day of the field trial at the Dongyang Experimental Station in 2003.
Data Analyses
Duncan's multiple comparisons to assess significant differences between and among treatments were performed using SPSS statistical software (SPSS Inc., Chicago). Differences were considered significant at p < 0.05.
RESULTS
Water Infiltration Rate, Water Budget, and Water Use Efficiency
The movements of the waterfront after irrigation at different times showed that it took 15 min for the irrigation water to reach 52 cm of the rice bed and 30 min to reach the 115 cm of the rice bed. This indicates that it required less than 1 h to irrigate the entire rice bed with a width of 200 cm (Fig. 1) .
Water use in the rice field consists of seepage, evaporation, and evapotranspiration. Infiltration of irrigation water by shallow furrow apparently reduced water use by reducing water use at all three aspects. The average water use for the conventional 2002 late rice was 6530 m 3 hm -2 with a total grain production of 6530 kg hm -2 . This is compared to the average water use of 4033 m 3 hm -2 and grain production of 6940 kg hm -2 using the FI technique. This accounted for a 38.2% reduction of water use and a 6.4% increase in rice production (Table 1) .
Results from the pot experiment indicated that compared to CI, the amount of evaporation, evapotranspiration, and seepage using the FI technique was reduced by 23.64, 29.63, and 74.15% with the total water saving of 37.84% (Fig. 2) . Compared to the open field experiment, the water use in the pot experiment was considerably higher due to the absence of groundwater input, greater edge effect, and higher evaporation and evapotranspiration. WUE between the CI and FI treatment for both experiments was significantly different, with high WUE in FI than in CI (Table 1) . WUE in FI-1 with higher irrigation rate was not different from that in FI-2 with lower irrigation rate. 
Effects of Irrigation Techniques on Biological Parameters of Rice
The average height for the direct sowing of the three growth stages in 2002 late rice was greatest for the CI, followed by FI-1 and FI-2. Plant height at FI-1 was 5.5, 2.4, and 3.4% lower than the CI at the three different growth stages, respectively. However, there were no differences in plant height among the three stages of FI-1 and FI-2. The number of tillers in all treatments decreased dramatically with growth, with more significant decline for the CI technique than for both FI treatments (Table 2) . Stems are main channels for nutrient transport and storage sites for starch. Large stems are helpful for nutrient storage and transport. Stem dry weight in the CI was slightly greater than those in FI-1 or FI-2 on October 19, 2002, but the differences were not significant. By November 9, the stem dry weight for both treatments was higher than the CI method, with significant difference (p < 0.05), indicating faster growth of rice grown with the FI technique than the CI technique (Fig. 3) .
The positive effects of the FI technique were also evident from the root system. The length and diameter of roots from the FI treatment were greater than those from the CI treatment at all stages of growth, with a general trend of FI-1 > FI-2 > CI (Duncan's multiple comparison, p < 0.05). At the tillering stage, these parameters were greater in FI-2 than FI-1; average root length was the greatest at the flowering stage. Differences among treatments were small at the tillering and the maturity stage, and became greater at the flowering stage. At this stage, the average root length for FI-1 and FI-2 was 2.12 cm and 1.48 cm longer than that of CI. The average root diameter was greatest in FI-1, followed by FI-2 and CI. The total surface area of roots was positively associated with individual root length, indicating that there are greater numbers and surface area of the root system in the FI system than the CI system (Table  3) .It was observed that 88-97% of the root biomass from the CI system was contained at the top 30 cm of soil. There were large variations in the distribution of the root biomass at a soil depth between 30 and 40 cm. Only about 3-4% of the roots were distributed at this layer in the CI system, while as many as 9-12% was found at this layer in the FI system (Table 4) . There were differences in root dry weight at different growth stages and in different treatments. Among treatments, root dry weight at all growth stages was greater in FI-2 than FI-1, followed by CI. At a temporal scale, there was a trend of an initial increase in root dry weight followed by a decline for all treatments, with significant differences among treatments. During the period from September 8 to October 19, root dry weight increased by 0.4 g in the CI treatment, 0.7 g in the FI-1, and 0.6 g in the FI-2. However, these differences were not significant. From the period of October 19 to November 9, root dry weight all decreased across treatments, with 0.9 g in the CI system, and 0.5 g in both the FI-1 and FI-2. The difference between CI and FI-1 and FI-2 was significant (Fig. 4) .
Root color is an important indicator for root vitality. Results from the Dongyang Experiment Station in 2003 showed that yellow roots were the dominant roots (72.94%), followed by black (15.45%) and white roots (11.61%) in the CI system. Compared to the CI system, the yellow and black roots were reduced by 20.04 and 12.58% in the FI treatments, while the white roots increased by 32.62 and 44.23% of the roots in FI system (Table 5 ). This indicates that under the conventional flooding system, the root system of the paddy rice was deteriorated, likely due to the reduced conditions under long-term flooding that resulted in the depletion of oxygen. In contrast, under the permeable irrigation condition, gas conductance was high and the amount of reduced materials was low, allowing the development of a healthier root system. The number of green leaves per plant is also affected by different irrigation methods. At the early tillering stage, the average number of green leaves per rice plant was 3.56 leaves for the CI system, 3.67 for FI-1, and 3.64 for FI-2. At the flowering and maturity stage, the number of green leaves and leaf area were also highest in FI-2, followed by FI-1 and CI (Table 6) .
The difference in the length of the flag leaf was trivial between the two treatments (p > 0.05), but the difference ranged from 1.3 to 2.0 cm compared to those of the CI system. The difference in leaf width among treatments was small, but the difference in inclination (leaf angle) was significant, with a ranking from CI, FI-1, and FI-2. The length and orientation for the bottom second leaf and the third leaf in the CI system were greater than the FI treatments, indicating that the top third leaves were soft and spread, and the bottom leaves were weak, which may affect population photosynthesis (Table 7) . Dry weight of leaves for all treatments increased initially and then decreased over time. The dry weight for the CI was slightly higher than both treatments at the early growth stage, but became lower as the rice grew, with a significant difference between CI and FI at the final stage (Fig. 5) . A similar pattern was also observed for the leaf sheath dry weight, but with the lowest dry weight for FI-2 (Fig. 6 ). Canopy chlorophyll content affects rice production. The total chlorophyll for the bottom second and third leaf was highest in FI-1, followed by FI-2 and CI (Fig. 7) . There was a significant difference in canopy chlorophyll contents between FI and CI, but the difference between FI-1 and FI-2 was not significant. The difference in chlorophyll content for the second leaf among treatments was not significant. For the flag leaves, FI-2 was higher than FI-1, with the lowest in the CI. The occurrence of rice sheath blight disease in different irrigation treatments was assessed during the 2003 experiment at Dongyang Research and Demonstration Station ( Table 8 ). The infection rate averaged 44.4% for the CI system and 5.3% for the FI system. Spikes in 0.25 m 2 were 96.7 for the CI system and 109.3 from the FI system, an increase of 13.05%. Other parameters in FI-1 were also higher than CI. Several parameters in FI-2 were lower than CI, resulting in lower production than FI-1, but still higher than that of the CI. For the 2003 early rice, the number of spikes averaged 295 for the CI, but 329 for the FI, which is an 11.53% increase over the former, indicating that the irrigation without water layer promoted tillering and the formation of spikes. Furthermore, the average grain weight per 1000 grains was 26.1 g for the CI and 27.1 g for FI (Table 9 ). 
DISCUSSION
In this study, I used the FI system with the width of the rice bed of 200 cm, and width and depth of the irrigation furrow of 20 cm and 15-20 cm, respectively, with no surface water layer overlying the rice bed except during the brief periods of seedling replanting and fertilization. These findings demonstrated that the FI technique met the water demand for growth, and also reduced water loss due to evaporation and seepage. Meanwhile, the FI technique also enhanced gas exchange in the soil, which provides a better growth environment for rice production. This technique is especially promising for areas of water shortage and also may serve as an effective means for water conservation in areas with competing water demands for agriculture, industry, and urban uses. For example, Bouman and Tuong [14] indicated that water saving under saturated soil was on average 23% with yield reduction of only 6%. Tao et al. [16] reported using a new water-saving Ground Cover Rice Production System (GCRPS) with lowland rice cultivated without a standing water layer during the entire growth period and plot irrigation when soil water tension was below 15 kPa. Compared to paddy control, only 32-54% of irrigation water was used in the GCRPS treatments, but yield in GCRPS with plastic cover was only 8% less than the paddy control yield in 2002. WUE in GCRPS was higher (0.35) than in paddy control (0.23). The experiment demonstrates that GCRPS has the potential to save substantial amounts of water with relatively minor yield penalties. Yang et al. [24] proposed the limiting values of soil water potential related to specific growth stages as irrigation indices. Compared with CI, the water-saving irrigation increased grain yield by 7.4 to 11.3%, reduced irrigation water by 24.5 to 29.2%, and increased water productivity by 43.1 to 50.3%. Nguyen et al. [12] indicated that water can be saved using a saturated soil culture system (SSC) with minimum effects on physiological processes by providing free water around 10 cm below the soil surface. However, Vories et al. [20] compared water savings and grain yields for the FI and flooded rice, and found that yields for flooded rice consistently exceeded that of the FI rice. On the other hand, Ockerby and Fukai [19] found that the grain yields of rice were slightly greater in paddy than on raised beds with continuous FI, but pointed out that all cultivars grown with the FI system had more tillers, leaf area, and dry weight at anthesis, suggesting a greater yield potential. Studies on reduction of water use for rice farming have been widely conducted. However, the mechanisms controlling water loss have not been carefully assessed. For example, Tabbal et al. [9] indicated that intermittent irrigation in rice fields may reduce seepage. They found no difference in evapotranspiration between continuous flooding and intermittent irrigation. Tripathi et al. [25] found that intermittent irrigation reduced water seepage by 25 to 36% under different soil texture. They also believed that intermittent irrigation may reduce evapotranspiration. The average amount of evaporation/ evapotranspiration in the CI system is typically 7.4-9.2 mm day -1 , while intermittent irrigation averaged 6.1-7.1 mm day -1 . The pot simulation experiment conducted in the subtropical Leizhou Peninsula showed that compared to the CI, FI reduced water use by 38%. Reduction of evaporation, evapotranspiration, and seepage accounted for 25, 25, and 50% of the water savings, respectively. This finding is consistent with that reported by Tripathi et al. [25] , who pointed to the major water-saving mechanism as the reduction in seepage, with the reduction of plant evaporation and evapotranspiration as the secondary means of water savings. Reduced seepage in the FI system is likely due to the low average water layer in the rice field and, hence, low seepage strength. The reduction of seepage under different soil texture, and hydrological, morphological, and geological conditions needs more studies.
This study revealed many advantages that led to lower water use and higher rice production in the FI over the CI system. FI reduced moisture content in the rice field, promoted light penetration and gas exchange, and lowered reduced materials, such as ferrous iron (Fe 2+ ) content in the soil, which in turn led to higher growth rate and rice production. This is reflected by the reduction in the population height and the number of tillers at the early stage of growth, the increases in the quality of tillers and the rate of spike formation, and the reduced occurrence of disease, such as the rice sheath blight. The improvements of rice growth under the FI system are also evident by higher dry mass weight of different plant components and the higher grain quality. Similarly, Lu et al. [8] found no difference in grain yield between a CI system and a reduced flooding irrigation. Bouman et al. [15] found that rice yield under aerobic conditions was 32-88% higher than under flooded conditions. Lu et al. [8] found no difference in dry mass production between continuous flooding irrigation treatment and the reduced irrigation treatment. Ockerby and Fukai [19] found higher dry weight of all rice cultivars with FI than with flooding irrigation. This study showed that the dry weight of leaves, stems, roots, and sheaths in the direct sowing FI system increased initially and then decreased. The amount of root dry mass at all three growth stages was highest in FI-2, followed by FI-1 and CI, indicating that the root system from the FI system developed better than that from the flooding system. The stem dry mass at the early growth stage in the CI system was higher, but significantly lower than that from the FI system. This indicates that infiltration irrigation had better gas exchange and higher temperature, which facilitated root growth and longevity.
CONCLUSIONS
WUE is an important measure of the relationship between water consumption and rice production. This study showed that rice production using the FI system was significantly higher than that of the CI system. The low irrigation system (FI-2) showed higher WUE than the high irrigation system (FI-1). Accompanied with a reduction of water use and the increases in rice production, my results also show improved soil condition and reduced rice disease. Future study should focus on FI systems that maximize rice production and minimize water consumption.
